INTRODUCTION
Extraction of DNA, RNA, and proteins from biological samples is a common procedure in molecular biology laboratories for analysis of the genome, transcriptome, and proteome, respectively. TRIzol ® , a monophasic solution of phenol and guanidine isothiocyanate, is designed as a one-stop reagent for the extraction of RNA, DNA, and proteins from tissues or cells (1) . While there are numerous publications documenting its utility for the extraction of nucleic acids, fewer reports describe its application to the extraction of proteins. This is mainly due to difficulties in resolubilizing the protein fraction; therefore, the more common procedure is to divide the sample and treat one portion with TRIzol reagent for RNA and DNA extraction and subject the second portion to a lysis buffer for recovery of the proteins. However, when dealing with small samples such as tumor biopsies, a single extraction reagent is crucial in order to obtain enough material for subsequent analyses. The additional advantage is that all analyses can be performed on the same cell mass; this facilitates direct comparisons of alterations in the genome, transcriptome, and proteome. In this report, we present a method to efficiently extract and solubilize proteins from tissue samples using TRIzol reagent subsequent to the sequential extraction of RNA and DNA. Additionally, we provide evidence that the proteins and some posttranslational modifications remain stable in phenol-ethanol for up to 3 years at -20°C. 
MATERIALS AND METHODS

Samples
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manuals/15596026.pdf). Protein pellets isolated from phenol-ethanol supernatants were dissolved in 200 μL solvent. In the cases where two solvents were used, 100 μL each solvent were used.
For proteins isolated with a lysis buffer, cells were rinsed with PBS, then 2 mL trypsin (Invitrogen) were added. After a 3-min incubation at 37°C, the cells were rinsed from the flask in 10 mL media containing 10% FBS, transferred to a 15-mL conical tube, and centrifuged and pelleted at 250× g for 10 min. The media was aspirated, and the cells were resuspended and rinsed in PBS. Cells were pelleted again and placed on ice. The PBS was aspirated, and the pellet resuspended in 100 μL TNE lysis buffer [0.25 mL 50 mM Tris, pH 7.5, 40 μL 2 mM EDTA, 87.7 mg NaCL, 22.3 mg Na 4 P 2 O 7 , 2.1 mg NaF, 0.2 mg Na 3 VO 4 , 100 μL 1% Nonidet ® P40 (NP40), and 9.61 mL water, sterile filtered with a 0.2-μm filter, and stored at 4°C]. Since Na 4 P 2 O 7 , NaF, and Na 3 VO 4 function as phosphatase inhibitors, they were added to each solvent in the same relative amounts as in the TNE lysis buffer. One Complete™ Mini Protease Inhibitor Cocktail Tablet (Roche Applied Science, Indianapolis, IN, USA) was added for every 10 mL TNE lysis buffer. Cells were lysed for 30 min on ice. Each sample described represents the proteins from one harvested T75 flask.
Protein concentrations were determined using the BCA™ Protein Assay Reagent kit (Pierce, Rockford, IL, USA) and fraction V, proteasefree bovine serum albumin (BSA; Roche Applied Science) as the protein standard. For nonaqueous protein solutions, a 1:50 dilution in water was measured, and the corresponding concentration calculated.
Tumor biopsies were collected and immediately stored in RNAlater ® (Ambion, Austin, TX, USA). Sequential RNA and DNA extraction was done with TRIzol following the manufacturer's protocol. While evaluations of the RNA by microarray and reverse transcription PCR (RT-PCR) analysis and the DNA by conventional chromosome comparative genomic hybridization (CGH) were successfully performed, the protein fractions were stored at -20°C for 3 years as phenolethanol supernatants awaiting subsequent analysis (2,3).
Dialysis of Phenol-Ethanol Supernatants
The phenol-ethanol supernatants were loaded into Spectra/Por ® 6 regenerated cellulose (RC) dialysis membranes (MWCO 2000; Spectrum Laboratories, Rancho Dominguez, CA, USA) and dialyzed against three changes of an aqueous 0.1% sodium dodecyl sulfate (SDS) solution at 4°C, changing the solution first after 16 h, then after 4 h, and again after 2 h, respectively. For every 1 mL phenolethanol supernatant, 100 mL 0.1% SDS solution were used. During dialysis, the samples partitioned into three phases: (i) a colorless supernatant (approximately 85% volume), (ii) a globular mass (approximately 10% volume), and (iii) a colorless, viscous liquid (approximately 5% volume).
To concentrate the supernatant in the dialysis membrane for the purposes of protein content determination, samples were removed from the dialysis membrane, loaded into iCON™ Concentrators (20 mL capacity, 9K MWCO; Pierce) and centrifuged at 6000× g at room temperature for 20 min in a swinging-bucket rotor to reduce the volumes from 12 mL to 100 μL. The globular mass, containing the bulk of the proteins, was resuspended in 200 μL total solvent-either 8 M urea in Tris-HCl, pH 8.0, 1% SDS in molecular biology-grade water or a 1:1 combination of the two.
Protein extracts isolated under the various conditions and from the different phases were analyzed on polyacrylamide gels (4%-12% or 10% NuPAGE ® Bis-Tris Gel; Invitrogen) and stained with Coomassie™ Brilliant Blue R-250 (Bio-Rad Laboratories, Hercules, CA, USA). For Western blot analyses, protein extracts were first resolved on polyacrylamide gels (NuPAGE 10% Bis-Tris Gel) and transferred to a Sequi-Blot™ polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories). Mouse anti-γ-tubulin (Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-c-Myc, or rabbit anti-phospho c-Myc (Epitomics, Burlingame, CA, USA) were used as the primary antibodies, and the blots were detected with ECL™ Western blotting detection reagents and analysis system (GE Healthcare, Piscataway, NJ, USA). The SeeBlue ® Plus2 PreStained Standard (Invitrogen) was used as the molecular weight marker 
RESULTS AND DISCUSSION
In the TRIzol product information (www.invitrogen.com/content/sfs/ manuals/15596026.pdf) (4), the recommended approach begins with homogenization of the tissue sample followed by a phase separation from the TRIzol reagent after the addition of chloroform. While the RNA is in the upper, aqueous phase, the DNA and proteins are in the lower, organic phenol-chloroform phase. The DNA is then precipitated by the addition of ethanol, and the proteins remain in the phenol-ethanol supernatant. The next recommended steps in the protocol involve precipitating the proteins with isopropyl alcohol or acetone followed by centrifugation. The protein pellet is then washed with 0.3 M guanidine hydrochloride in 95% ethanol and centrifuged again. Following this procedure yields a sizable, tightly packed protein pellet.
In the TRIzol product information, the recommendation for solubilization of the pellet is to pipet the sample in aqueous 1% SDS. If pipeting does not achieve complete dissolution, incubation of the sample at 50°C is suggested. We generated protein pellets with the precipitation method described in the product information and attempted to solubilize them in aqueous 1% SDS as recommended. Even after a 30-min incubation at 50°C, the protein pellets were not dissolved by pipeting. We then attempted to solubilize the pellets by vortex mixing and sonicating for 3 min and achieved only marginally improved solubilization. This result is consistent with previously published reports, which also described difficulty resuspending centrifuged pellets in 1% SDS alone and reported improved solubilization schemes to resuspend precipitated pellets. Some of the solvents described in these reports include sarkosyl with SDS at high pH (5), 9.5 M urea in 2% CHAPS (6), or a triethanolamineglycerol buffer with CHAPS (7); a recent report describes near complete solubilization of precipitated pellets with 2% diethylamine (8) . While these methods result in increased solubility of the proteins, no method has been reported thus far that completely resuspends the centrifuged pellets, and it has not been explored to which extent protein integrity is maintained after prolonged exposure to TRIzol. 
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Dialysis is suggested as an alternative to precipitation in the protein isolation notes of the TRIzol product information, suggesting more efficient protein recovery. In this method, the phenol-ethanol is dialyzed against 0.1% SDS. Over 22 h of dialysis, the sample phase separates into three components within in the dialysis membrane: (i) a supernatant, (ii) a mass, and (iii) a viscous liquid. The product information indicates that the supernatant contains the proteins. We tested the concentration of proteins in the supernatant and the viscous liquid fraction following dialysis using the BCA assay, but were not able to detect any proteins. Only after concentration of the sample 120-fold (12 mL to 100 μL) were we able to detect proteins in the supernatant at a relatively low concentration (1.65 μg/μL). Protein determination in the remaining dialysis fractions reveals that 98% of the protein is in the pellet and only 2% remains in the supernatant, with no protein in the small volume of viscous liquid.
The globular mass recovered from the dialysis procedure is less compact and is therefore much easier to solubilize than the pellet recovered from the standard precipitation procedure. We tried a range of solvents to solubilize the proteins in the dialyzed pellets. The two solvents that resuspended the largest portion of the dialyzed pellets were 8 M urea in Tris-HCl, pH 8.0, and aqueous 1% SDS (Table 1 and Figure 1 ). Urea and SDS are frequently used for solubilizing proteins (9) . Urea is a powerful protein denaturant; it breaks disulfide bonds and increases the solubility of some proteins, although the carbamylation of proteins has been demonstrated as a potential undesirable secondary effect (10) . As a detergent, SDS aids in disrupting noncovalent bonds in the proteins, thereby denaturing them and causing the molecules to lose their native conformation. To facilitate protein solubilization in SDS, the solution can be boiled for short periods of time without protein degradation. While we tried all of these approaches, the best solubilization was achieved when the 8 M urea in Tris-HCl, pH 8.0, and aqueous 1% SDS were combined in a 1:1 ratio (Table 1 and Figure 1A , lane 2). A flowchart depicting the different protein extraction and solubilization protocols is shown in Figure 2 .
We also compared the amount of protein we were able to extract using the dialysis approach with the recovery from the precipitation procedure ( Figure 1A) and that obtained from a standard cell lysis procedure ( Figure  1B ). More protein, especially high molecular weight proteins, was obtained from the dialyzed pellets than from the precipitated pellets ( Figure  1A ). The amount of protein extracted with lysis buffer was slightly greater (Table 1 and Figure 1B ) compared to extraction with TRIzol.
To test the stability of proteins in phenol-ethanol supernatants, we extracted proteins from three patient biopsy samples that were stored at -20°C for 3 years. Significant amounts of protein were recovered from all of the samples ( Figure 3A ). For example, following RNA and DNA extraction, 1.9 mg protein were extracted from a 40-mg biopsy using our approach. Using SDS-PAGE, we detected numerous proteins ranging in molecular weight from 200-5 kDa. Although numerous distinct protein bands were present, we decided to further examine the samples for possible degradation by evaluating individual proteins by Western blot analysis. As a relatively stable structural protein, γ-tubulin was selected as a positive control to assess total amounts of protein in the samples. The 3-year-old samples showed amounts of γ-tubulin comparable to the colorectal cancer cell line HCT 116 when the total amount of protein loaded in each lane was identical ( Figure 3B ). Similarly, we could detect equivalent levels of the transcription factor c-Myc in the 3-year-old TRIzol samples and the fresh HCT 116 isolates. Additionally, we were also able to detect both the unphosphorylated (cytoplasmic) and phosphorylated (nuclear) forms of this protein ( Figure 3C ), indicating that some posttranslational modifications survive TRIzol extraction. While we feel confident that the proteins remained intact after 3 years in the phenol-ethanol supernatant, other parameters of protein integrity, such as the presence of many other forms of posttranslational modifications, have yet to be assessed.
Conclusions
TRIzol reagent can be effectively used to isolate not only RNA and DNA, but also protein, as we demonstrate here. This property is extremely useful when one wants to directly compare the genome, transcriptome, and proteome from the same small surgically obtained tissue biopsy where division of the sample for nucleic acid and protein extraction is not feasible. Protein can be recovered from phenol-ethanol supernatants by either precipitation or by dialysis, although the dialyzed pellets are significantly easier to solubilize and thereby result in better recovery efficiency. A combination of 0.05% SDS and 4 M urea in Tris-HCl, pH 8.0, allows the most complete solubilization of dialyzed pellets without apparent decrease in the integrity of the isolated proteins.
In addition, we have demonstrated that proteins isolated from samples stored as phenol-ethanol supernatants for up to 3 years at -20°C do not suffer from significant degradation as assessed using PAGE and Western blot analysis.
